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Chapter 4 – Particles synthesised by Christopher Parkins and Robert Young were used for 
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Use synthesis of calcium carbonate particles, and their use as templates for further 
modification, with the aim of their use as abrasives in toothpaste formulations, is explored in 
this dissertation.  Linear polyols were shown to have a strong affect on the morphology of 
precipitated calcium carbonate particles, as well as a stabilizing effect of the vaterite 
polymorph.  Calcium carbonate particles were successfully coated with silica via a 
condensation reaction, as well as in polymer via a seeded dispersion polymerization.  Calcium 
carbonate particles were used as sacrificial templates to produce calcium fluoride particles with 
the same morphology as the template.  Synthesised particles were shown to have tooth cleaning 
abilities similar to commercially used abrasive particles, but  significant conclusions regarding 


















In this chapter the motivation for the research is explained.  The use of microparticles as 









The use of colloidal particles of the nano- and micrometer scale is proliferate within many 
applications such as bulk material design, catalysis, and diagnostics. Organic, inorganic, and 
polymeric chemistries provide a wide range of mechanical and reactive functions which can 
serve as tools in tailoring particles for specific uses as abrasives, capsules, catalytic reactors, 
pigments, and much more.1–4 The ability to control properties such as material, morphology, 
and surface functionality allows their performance to be tailored for its intended use. 
Additionally, because of legal and moral restrictions due to health and ecological concerns, it 
is vital that research into new particles which adhere to these restrictions is undergone.5 
Calcium carbonate is a mineral found extensively throughout nature, being present in 
geological rock formations as well as a major component in biological structures such as shells. 
Within industries such as paint-, plastic-, and papermaking it is widely used as a filler due to 
its low cost and wide abundance. 
The application of inorganic particles which this work concerns itself particularly with is their 
use as abrasives in dentifrices, products which are used to clean teeth. Factors such as material 
hardness, particle morphology and size affect the cleaning and damaging properties of 
abrasives. Restrictions such as cost and biocompatibility of materials limit the range of particles 
that could be used for the application, with calcium carbonate and silica based abrasives making 
up the majority of those used commercially.  
This research was initially based on comparing how effective micron sized particles of different 
morphologies are as abrasives in toothpaste formulations, with the desire to find particles with 
high cleaning ability whilst causing little damage to the underlying tooth surface.  Of particles 
examined, elongated (rod-like) calcium carbonate microparticles became of particular interest, 




of various morphologies of calcium carbonate particles using a range of reaction conditions.  
These particles were then used as hard templates for the surface addition of other materials, 
such as silica polymers, to form hybrid core-shell particles.  The transformation of calcium 
carbonate particles to calcium fluoride with morphology retention was examined.  Finally, the 
cleaning ability of synthesized particles was examined to evaluate their potential use as 
abrasives in toothpaste. 
 
 




This chapter explores the syntheses of various calcium carbonate particles using linear polyols 
as crystal growth modifiers. 
Chapter 3 
 
This chapter shows the modification of calcium carbonate particles via surface addition of 
polymers and silica, as well as the transformation into calcium fluoride particles. 
Chapter 4 
 





















In this chapter novel syntheses which produce a range of calcium carbonate particle 
morphologies are presented. The effect which reaction solvent composition, along with other 










With the aim of producing microparticles to be used as abrasives in toothpaste, calcium carbonate was chosen 
as the material due to its prelavent use and range of obtainable morphologies.  In this chapter the synthesis of 





2.1.1 Calcium carbonate overview 
 
Crystallisation is the overarching term used to describe the nucleation and growth of crystalline solid phases.5  
Classical nucleation theory describes the initial formation of a new crystalline phase.5,6  The driver for this is a 
decrease in free energy from the formation of the new phase decreasing the saturation of the mother solution, 
scaling with the volume of the particle.  However, the formation of a new phase comes at the energetic cost of 
surface tension between the mother solution and new crystalline phase.  At small particle sizes the surface 
tension energetics dominate, and as a result, most formed proto-crystals redissolve into solution.  Some particles 
overcome this energy barrier, reaching a critical particle, after which the bulk energy term dominates and the 
now stable crystal proceeds to grow.  Crystal growth involves the addition of monomeric species in a 
supersaturated solution to a growing particle due to the difference in chemical potential between the particle and 
the solution.  Classical nucleation does not account for observations made in numerous systems, for example 
those which exhibit multiple crystallization pathways towards reaching a thermodynamically stable state.6-9  
 
Calcium carbonate (CaCO3) has received copious academic and industrial interest due to its natural abundance, 
wide range of applications, and richness of available morphologies.10 The role of calcium carbonate as an 
atmospheric carbon dioxide regulator makes it unique with the importance of having its equilibria maintained to 
avoid major disruption to many ecosystems. Shown below are the equilibria of the processes between carbon 




dissolved calcium ions.11 
 
 
It is important to note that as the effective pKa of carbonic acid is 6.3 at standard conditions, 
even mildly acidic conditions will create a thermodynamic drive to protonate the carbonate ion, 
with the knock-on effect of calcium carbonate dissolving to maintain equilibrium. In nature 
and society this implies an issue as increased acidity of the oceans due to elevated atmospheric 
carbon dioxide levels greatly increases the solubility of various animal structures and reefs 
which could decimate connected ecosystems. In the laboratory this makes working with 
calcium carbonate difficult in some respects as acidic environments will readily dissolve any 
calcium carbonate. 
Calcium carbonate exists mainly as one of three crystalline polymorphs: calcite, aragonite, and 
 
vaterite, in order of most to least stable, with respective solubility products (log Ksp) of -8.48, -8.34, and -
7.91.12 Calcite is the most naturally abundant polymorph and is the form which all other polymorphs 
eventually turn into through recrystallisation. Aragonite is mainly found within aquatic biominerals where 
high magnesium ion concentrations, amongst other factors, aid its formation. Although less stable aragonite 
can take up to the order of 100 million years to fully convert to calcite based on fossil evidence.13 Vaterite 
is the least stable of the three and rarely exists in nature without being stabilised by proteins or other chemical 
species.14 Another form of calcium carbonate, amorphous calcium carbonate (ACC), is a highly hydrated 
gel-like amorphous material which acts as a precursor to the crystalline polymorphs and rarely exists for 
more than seconds or minutes.15 Another polymorph, monohydrocalcite, exists but is formed by a limited 
number of organisms. Calcium carbonate hexahydrate, known also as ikaite, is not yet known to be 




Ostwald’s rule states that the least stable polymorph will tend to be the first to appear during 
crystallization of a melt or solution.17 Kinetically, the more soluble form is preferentially 
formed due to a lower interfacial energy between the mineral and solution.18 In the case of 
calcium carbonate which is homogenously precipitated this initial polymorph is ACC. When 
calcium and carbonate ions are present in a high enough concentration together in solution a 
supersaturation with respect to calcium carbonate thermodynamically drives its precipitation, 
forming a new solid phase. Initially ACC will be formed and afterwards, depending on reaction 
conditions, proceeds to crystallise to one of the other crystalline polymorphs. Given time all 
calcium carbonate will recrystallise to calcite, but the order in which this occurs is not as simple 
as ACC to vaterite to aragonite to calcite. Studies have shown ACC crystallising to calcite or 
aragonite without vaterite being present as a middle step, and vaterite transforming to calcite 
without aragonite being present.19-21 
The fact that there is no overwhelmingly regular order in which these transformations between 
polymorphs occurs gives support to the idea that the crystallisation and recrystallisation events 
are highly affected by the environment outside of the crystal, and not occurring by a solid-state 
recrystallisation mechanism. Dissolution-recrystallisation is a mechanism which has been 
postulated and supported in many systems, whereby small amounts of the less stable polymorph 
dissolves on the crystal edge and then crystallises back onto the same mass as a more stable 
polymorph.21-23 Although solid-state recrystallisation mechanisms on the surface of crystal 
grains can occur, these are likely to play a less significant roll compared to the dissolution-
reprecipitation mechanism in solvated calcium carbonate systems due to the relatively high 
energy barrier.24 In contrast to the recrystallisation between crystal polymorphs, the initial 
crystallization of ACC appears to occur with a more complicated combination of dissolution-
reprecipitation and solid-state transformation, during which water is expelled from the 
material.25–27 




which use it as temporary storage deposits.28 Compared to its crystalline counterparts, ACC is 
more soluble and has a highly disordered structure which can be moulded into different 
shapes.29 The ACC crystallisation pathway is adopted by many biomineralising organisms 
when forming their shells and/or spines in order to control the particle shape and crystalline 
morphology of the material. These biogenic processes have provided an insight into the 
realisation of a biomimetic strategy for controlled crystallisation and are used to manipulate 
the abiotic synthesis of calcium carbonate. The chemistry and structure of ACC is complex, 
with several forms being classified according to their water content and mode of formation (i.e. 
biogenic or abiotic).21 Beniash et al. reported that ACC acted as a seed for the growth of other 
polymorphs, with ACC present in the initial stages of crystal growth, transforming into calcite 
over time.30 
In the laboratory various morphologies of calcium carbonate particles have been synthesised, 
from hexagonal plates and spheroids to more chrysanthemum flower shapes.31–33 Some of the 
structures found in nature overshadow their synthetic counterparts in complexity, such as the 
regularly arranged hexagonal platelets in nacre (mother of pearl) which act as a colloidal 
crystal, creating its hallmark iridescence.34 Biological calcium carbonate has also shown to 
have superior properties, such as increased toughness hardness, compared to that from synthetic 
sources.35 These differences between biological calcium carbonate and that available from 
current synthetic methods are due largely to the precise use of additive species like 
polysaccharides and proteins.36 The possibilities of architectures and properties shown by 
natural calcium carbonate, as well as other minerals, has provided inspiration for the further 
understanding of crystallization, and development of more advanced synthetic materials. 
Many factors influence the nucleation, growth, and transformation steps of the crystallization 
process, such as the temperature, supersaturation of the crystalline material, reaction pH, and 
the presence of additives which may be only surface active during crystallization or occluded 




fashion in which reactants are added, and the use or absence of seed crystals likewise affect the 
outcomes of crystal synthesis.37,39 Changing any of these reaction conditions can lead to large 
effects on polymorph selection, particle size, morphology, and whether a single crystal or 
polycrystalline material is obtained.40–42 
 
 
2.1.2 Effect of alcohol moieties on precipitated calcium carbonate 
 
Several studies have shown that molecules containing alcohol moieties exhibit a strong effect 
on polymorph selection and morphology of precipitated calcium carbonate particles. Stipp et 
al. precipitated calcium carbonate with varying amounts of ethanol, 1- and 2-propanol, along 
with varying agitation rates, and was able to produce a large variety of particle 
morphologies.43Additionally when 10 vol% alcohol were used almost all particles had a high 
level of calcite polymorphism, whilst when 50 vol% alcohol was used the majority of particles 
were dominantly aragonite and/or vaterite. In the system Dalas and Manoli used high amounts 
of vaterite particles were formed even when 10 vol% alcohol was used, however this could be 
partially attributed to the initial reaction solution having its pH adjusted up to 8.5.44 Youmeng 
et al. found that in their system they initially produced small agglomerates of calcium carbonate 
when in pure water, which transitioned to large flower shaped vaterite particles with 80% 
ethanol content, with the particles at 50% showing a similarly shaped but ‘damaged’ vaterite 
flowers mixed with calcite.33 In a similar vein a paper by Chen et al. showed that by increasing 
the concentration of ethanol in their system the polymorphic distribution of precipitated 
calcium carbonate went from a combination of aragonite and vaterite, to pure aragonite, to a 
mixture of vaterite and aragonite, and finally almost pure vaterite in the highest ethanol 
containing solution.41 Li et al. proposed that alcohol groups in polyols adsorbed onto growing 
vaterite nuclei to lower their surface energy and make the phase thermodynamically more stable 
that other phases, resulting in the precipitation of relatively pure vaterite.45 




effects. Kim et al. used several polymers in their system and found that when poly(vinyl 
alcohol) was used the vaterite phase was stabilised from transforming into calcite for nearly 
two days, whilst when non-alcohol containing polymers were used the transformation 
proceeded to 90% within one hour.46 Additionally when higher amounts of PVA were used, 
the vaterite transformed into aragonite as opposed to calcite. Hosoda and co-workers found the 
addition of PVA caused their films of calcium carbonate to form vaterite, whereas when it was 
withheld aragonite was formed.47 
Another study by Stipp et al. showed through XPS measurements and molecular dynamic 
simulations that when different single alcohol containing molecules with varying sizes of alkyl 
chains (methanol, ethanol, pentanol, and t-butanol) were introduced to calcite surfaces all of 
the molecules bound through the alcohol group and formed well-ordered monolayers on the 
surface.48 Whilst this study only concerns the calcite polymorph, and does not hint towards any 
stabilising effect of the other phases, it shows the strong interaction which alcohol groups 
exhibit towards calcium carbonate surfaces. Whilst all these studies paint a complicated picture 
of the effect which alcohol groups have on growing calcium carbonate particles, there appears 
to be a general theme that alcohols decrease the formation of calcite, and specifically increase 
the appearance of vaterite. 
The avenue of research into the effect which polyols have on synthesised calcium carbonate 
particles, which part of this dissertation is dedicated to, was inspired in part by a paper by 
Trushina et al..49 In it they looked at how various parameters, including concentrations of the 
polyols ethylene glycol, glycerol, and erythritol, affected the size of synthesised vaterite 
nanoparticles. It was found that increasing concentrations of ethylene glycol and glycerol 
decreased the size of particles, as well as decreasing the rate of transformation of vaterite into 
other phases. However, erythritol was not studied as extensively as at the temperatures used 
(up to 40 °C) its solubility was too low to be used in high concentrations. The author of this 




temperature systems where larger concentrations could be used. 
 
 
2.2 Experimental Section 
 
In reactions comparing the effect of different polyols on otherwise similar systems, the moles 
of alcohol groups was kept constant, i.e. a ratio of 3:2:1.5:1.2:1 mol of ethylene 
glycol:glycerol:erythritol:xylitol:sorbitol was used (where the number of alcohol groups in 
each molecule is 2:3:4:5:6). This results in a weight difference of  less than 3% between t h e  
amount of polyol used, and a non-noticeable difference in volume. This was done as it is 
has been postulated that hydroxyl groups act as nucleation sites for crystal growth, and 
therefore by keeping the number of hydroxyl groups same this effect is screen out, allowing 
for other effects of polyols to be elucidated.49 In the methodologies shown below the masses 
for reactions with glycerol are used. 
In reactions comparing the effect of different amounts of the same polyol, the same total 
volume of polyol and water was used throughout. 
 
 
CaCO3 synthesis via direct precipitation 
 
In a typical reaction 3.08 g CaCl2 was dissolved in 10 ml deionized water in a round bottom 
flask before 100 g glycerol was added. The flask was sealed and placed to stir and heat in an 
oil bath set to 90 °C. In a separate flask 3.2362 g Na2CO3 was dissolved in 40 ml deionized 
water before 70.4 g glycerol was added, afterwards which the vessel was sealed and placed to 
heat in an oil bath set to 90 °C. Once both vessels had reached temperature the Na2CO3 solution 
was added to the flask containing the CaCl2 solution before it was sealed again. White 
precipitate formed immediately upon mixing. The reaction was allowed to proceed for 30 
minutes. 




two times, then centrifuged and dispersed in hot deionized water once, then centrifuged and 
redispersed in ethanol once, before finally being centrifuged and dried in a vacuum oven. (For 
reactions using erythritol the first centrifugation/redispersion cycle uses hot water, and the 
following three use ethanol). 
For experiments where reaction times were under 30 minutes a different method for ‘cleaning’ 







reaction glass syringes with metal needles were placed to heat in a convection oven set to 
100°C.  Hot syringes were used to extract samples from the reaction vessel and then be added 
to a centrifuge tube filled with isopropyl alcohol. The centrifuge tube was then closed and 
rapidly shaken. Afterwards this was centrifuged and redispersed in ethanol three times before 
being dried in a vacuum oven. 
 
 
CaCO3 synthesis via ureolysis 
 
In a typical reaction (50 vol% glycerol) 0.83 g CaCl2 was dissolved a vial containing 15 ml 
deionized water. The solution was allowed to cool to room temperature before 1.35 g urea was 
dissolved in it, afterwards which 18.9 g glycerol was added, the vial was sealed and shaken to 
mix the contents. The vial was then placed in a convection oven set to 90 °C and left overnight 
to react. The contents were filtered under vacuum and washed with ethanol and hot deionized 
water before being dried in a vacuum oven. 
 
 
CaCO3 synthesis via vapour diffusion 
 
In a typical reaction 1.97 g CaCl2 was dissolved in a vial containing 14 ml deionized water 
before 6.816 g glycerol was added and mixed. The vial was left open and sealed inside a 
desiccator containing 30 g ammonium carbonate in a separate open vial. The desiccator was 
placed inside a convection oven set to 30 °C and the reaction was allowed to proceed for 24 
hours. The contents were filtered under vacuum and washed with ethanol and hot deionized 







2.3 Results and Discussion 
 
The synthesis of calcium carbonate was carried out in various conditions. Linear polyols 
ethylene glycol (EG), glycerol, erythritol, xylitol, and sorbitol were used as growth modifiers 










2.3.1 Effect of polyol length on morphology of CaCO3 
 
Calcium carbonate particles formed by direct precipitation at 90 °C produced different 












Figure 2 – SEM micrographs of CaCO3 particles formed from solutions containing different 
polyols. (A,B) Ethylene glycol. (C,D) Glycerol. (E,F) Erythritol. (G,H) Xylitol. (I,J) Sorbitol. 
 
Particle size decreases with increasing polyol length, which has been observed before in polyol 
systems.49 As in these experimental conditions the amount of hydroxyl groups from polyol 
molecules has been kept constant, this cannot be attributed to a higher number of nucleation 
sites causing more (and smaller) particles to be formed based on number of hydroxyl groups 
alone. It is possible however that an increase in polyol chain length causes a lower solubility 
(and therefore higher supersaturation) of calcium carbonate, thereby increasing the rate of 
nucleation and forming smaller particles. 
Another notable feature is that there seems to be a morphological transition as polyol length 
increases, from long loosely packed globules around a central rod to a much more compact 
shape. Throughout this transition there seems to be wider masses towards the center of the rod, 
and these exhibit a hexagonal motif, two traits which are characteristic of vaterite. Spherulitic 
(fractal) growth is commonly seen in vaterite, and helps explain why the particles are wider in 
the centre of the of longest axis.21,40,43 It is also interesting to note that very similar 
morphologies have been found in the literature from experiments with different reaction 








Figure 3 – SEM micrographs of CaCO3 particles found in literature. (Left) from reference 40. 





The image on the left in Figure 3 is a vaterite particle formed in an ethylene glycol system 
which used SDS as a surfactant. The authors proposed that the shape was due to agglomerates 
of nanosized vaterite particles being stabilised by SDS assembling. However, the proposed 
mechanism of nano-aggregation (as opposed to classical crystal growth) has been discredited 
by a study by Andreassen.42 Additionally the appearance of this morphology, in this dissertation 
and elsewhere in the literature, suggests that the proposed mechanism using SDS is incorrect. 
The image on the right in Figure was produced in a 10 vol% solution of ethanol, and similarly 
shows many comparable features to particles made from the high temperature polyol system. 
One possible explanation for the morphological transition shown between polyol lengths is if 
specific faces of the growing crystal are poisoned by the adsorption of alcohol groups on the 
polyol. If the alcohol groups of the polyols prefer to adsorb onto a specific face, that face will 
experience retarded growth. Longer polyols may exhibit a chelating effect, whereby the 
multiple alcohol groups attached to the same alkyl chain causes an increase in the time which 
alcohol groups adhere to a specific face, thereby exaggerating the poisoning effect on this face. 
As a result this could explain how as the polyol chain length increases the particle morphology 
goes from a long dagger-like (a term coined by the authors from reference 40) rod to a more 











Figure 4 – TEM micrographs of CaCO3 synthesised with glycerol. (Left) edge of a dagger-rod. 
(Right) crystals not attached to a larger object. 
 
TEM images of the sample produced in a glycerol solution (Figure 4) reveal the polycrystalline 
nature of these vaterite particles, as has been shown with other vaterite particles in literature. 
 
 
2.3.2 Effect of reaction time on CaCO3 particle morphology 
 
The reactions in the ethylene glycol and glycerol systems were sampled at different times, 
shown in figure 5. 
Figure 5 – SEM micrographs of CaCO3 particles at different reaction times. (A-F) Ethylene glycol, 
times 10 sec, 30 sec, 1 min, 3 min, 5 min, 30 min. (G-K) Glycerol, times 10 sec, 1 min, 3 min, 5 










Looking at the ethylene glycol system at 10 and 30 seconds it can be seen that whilst the 
particles are much smaller, they exhibit a similar morphology in that there is a central wider 
region. As the reaction progresses the length of the particles increases and the rougher surface 
appears, and at 5 minutes the morphology appears to be very similar to that at 30 minutes. This 
seems to support the spherulitic growth mechanism of these particles which was previously 
mentioned. 
For the glycerol system the same trend is not seen. At 10 seconds agglomerations of nanosized 
masses dominate. At one minute there appears to be a combination of the same small masses 
as well as very small amounts of ‘fully sized’ dagger-rods. At 3 minutes there is also a 
combination of small masses, along with a higher amount of fully sized particles. Similar to 
the ethylene glycol system, at 5 minutes the reaction seems to only contain fully formed 
particles, and there is little difference compared to the system at 30 minutes. 
It was expected that a similar growth mechanism would be seen in these two systems. There 
is however too little data to surmise whether this difference is due to an actual difference in 
growth mechanism or if experimental error is to blame. As these systems change rapidly in the 
early seconds of reaction, small differences in how samples were taken can result in large 
difference. For example, improper mixing of the aliquoted sample that is injected into IPA to 
arrest growth could result in particle growth continuing. It is also possible that the difference 
in solubility of ethylene glycol and glycerol in IPA could have an effect on how quickly particle 







2.3.3 Effect of temperature on CaCO3 particle morphology 
 
The same direct precipitation conditions as shown previously were examined at lower 
temperatures for the ethylene glycol and glycerol systems (the longer chained polyols were not 
soluble at these temperatures in the same concentration). 
Figure 6– SEM micrographs of CaCO3 particles produced at different temperatures. (A-D) 
Ethylene glycol. (E-H) Glycerol. 30, 45, 60, 75 °C from left to right. 
 
At the lower temperatures, 30 and 45 °C, elongated spherical particles were observed. At the 
higher temperatures, 60 and 75 °C, the morphology for both the ethylene glycol and glycerol 
systems seemed to shift towards those observed previously. 
 
 
2.3.4 Effect of glycerol concentration on CaCO3 particle morphology 
 
Previously a 73 vol% of glycerol was used in the synthesis. Figure 7 shows reactions carried 








Figure 7 – SEM micrographs of CaCO3 particles synthesised at various glycerol concentrations. 
(A-K) 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95 vol%. 
 
At lower glycerol concentrations, 0-20 vol%, there are particles of rhombohedral calcite, as 
well as what is believed to be spindle-like vaterite particles. At 30 and 40 vol% dagger-rods 
appear, with calcite cubes still present. Between 50 and 70 vol% there only appear to be dagger-
rods. At higher concentrations smaller and more rounded shapes are present, without any 
dagger-rods being visible. 
The disappearance of calcite with increasing glycerol concentration agrees with studies in the 
literature that show transformation of other phases to calcite being suppressed with higher 
concentrations of alcohol moieties in solution. At the concentrations 80 vol% and above the 
reaction mixture became very viscous on the onset of crystallization, to the point that it 
appeared to not be stirring at all. This, along with other factors caused by increased glycerol 
concentration such as a higher supersaturation could be causing the drastic change in particle 








2.3.5 CaCO3 synthesised via vapour diffusion 
 
Calcium carbonate was synthesised using a vapour diffusion method with various polyol and 
methanol containing solutions. Due to this being done at a lower temperature (30 °C) lower 
concentrations of polyols were used (roughly 15% of the amount used in previous systems). 
Figure 8 – CaCO3 synthesised via vapour diffusion. (A) ethylene glycol. (B) glycerol. (C) erythritol. 




Visually all these systems seem similar, containing a combination of vaterite 
spheres/hexagonal shapes as well as calcite cubes. It is possible that there is a difference in 
polymorphic abundances between the samples, but without further data (for example from XRD 
measurements) this is currently not possible to comment on. It is also possible that at these 
lower concentrations of alcohols the effect they exert on the growth of calcium carbonate 
crystals is minimal. 
 
 
2.3.6 Effect of glycerol concentration on CaCO3 formed by ureolysis 
 
Calcium carbonate particles were synthesised via ureolysis reactions in solutions containing 








Figure 9 - SEM micrographs of CaCO3 particles formed by ureolysis in solutions with varying 




In the pure water reaction large flakes, some visible to the naked eye, and smaller cubes were 
formed, assumed to be calcite. At 25 vol% there was a mixture of calcite cubes, rod shaped 
aragonite, and hexagonal flower shaped vaterite. At 50 vol% there were mainly rods, with some 
flowers, and few cubes. At 75% flowers seem to be the dominant morphology, with some cubes 
also being present. At 95 vol% there are rods and cubes present, with no evidence of vaterite 
flowers. The increase in glycerol concentration initially seeming to reduce the amount of calcite 
present agrees with previous reports of polyols suppressing the transformation of less stable 





Polyols have been shown to affect the morphology as well as polymorphic abundance of 
synthesised calcium carbonate particles. These effects seem to be more pronounced at higher 
concentrations of polyol as well as higher temperatures.  It was found that there was a 
significant increase in abundance of non-calcite polymorph particles due to the  use of polyols.  




ratio particles  when shorter chained polyols were used, and  lower aspect-ratio particles when 
longer chained polyols were used. 
 
It is not certain what the reason for the shown effects are, but it is possibly due to change in solubilities 
(and therefore solution supersaturation) of calcium carbonate in the different reaction compositions.    The 
viscosity differences between the different polyol solutions could also be a factor affecting the  outcome 
of these reactions. 
 
In chapter 3 some of the calcium carbonate particles produced were used as templates for the synthesis of hybrid 


















In this chapter calcium carbonate particles are coated in silica and polymer materials. 
Calcium carbonate particles are used as sacrificial templates to produce calcium fluoride 




                 3.1 Introduction 
 
Calcium carbonate particles produced in chapter 2, as well as samples obtained from commercial suppliers, 
were used as templates for further reactions, creating hybrid microparticles.  Seeded dispersion 
polymerization reactions allowed for the polymer coating of calcium carbonate particles.  The additional 
removal of the calcium carbonate core formed hollow polymer particles, which were to be tested for their 
ability to release a oil-based payload.  Coating of calcium carbonate particles with silica was desired for an 
increased hardness of the particle surface, with the hope of increasing the abrasive cleaning ability. 
Finally particles were used as a sacrifical template for the production of calcium fluoride particles of the 
same morphology as the template. 
 
3.2 Experimental Section 
 
Polymer coating of calcium carbonate particles (polymer@CaCO3) 
 
In a typical reaction 300 mg of monomer, 900 mg calcium carbonate particles, and 10 mg AIBN 
are added to a vial containing 15 ml acetonitrile. The vial is sealed and degassed with nitrogen 
for 10 minutes before being rotated in a heated oven at 25 RPM. The reaction mixture is heated 
from room temperature to 70°C over an hour before being left at temperature for 5 hours to 
allow for polymerization. The mixture is then allowed to cool to room temperature before being 




Calcium carbonate to calcium fluoride conversion (CaF2@CaCO3) 
 
In a typical reaction (with 100% theoretical conversion) 0.2098 g sodium fluoride is dissolved 
in 25 ml of deionized water. While the solution is being stirred 0.25 g of calcium carbonate is 
added to the solution and allowed to react. The mixture is then filtered and washed with 






Silica coating of calcium carbonate particles (SiO2@CaCO3) 
 
In a typical reaction 8 g calcium carbonate, 8 ml deionized water, and 72 ml ethanol are added 
to a round bottom flask and stirred. 4 ml 35 vol% ammonia is added and allowed to stir for 10 
minutes. 0.8 g tetraethyl orthosilicate (TEOS) is added at a rate of 0.13 g hr-1 with a syringe 
pump, and then allowed to react for a further 6 hours or more to form SiO2. The contents are 
then centrifuged and redispersed in a 1:1 solution of water:ethanol three times before being 
dried in a vacuum oven. 
 
 
Formation of magnetite on acid functionalised hollow polymer shell 
 
In a typical reaction 0.1 g acid functionalised polymer particles was added to 50 ml deionized 
water and the pH adjusted to 6.3 with 0.5 M potassium hydroxide solution before the vessel 
was sealed, stirred, and purged with nitrogen for 15 minutes. 0.305 g potassium sulphate 
heptahydrate was dissolved in 5 ml deionized water before being flushed with nitrogen for 5 
minutes and then added to the main vessel. The vessel was then flushed with nitrogen for a 
further 10 minutes before being put under overpressure of nitrogen and allowed to stir 
overnight. The contents of the vessel were dialysed in a cellulose membrane against deionized 
and nitrogen purged water for 2 hours. The dialysed mixture was then stirred in a round bottom 
flask under nitrogen pressure. 0.182 g sodium nitrite was dissolved in 5 ml deionized water and 
purged with nitrogen for 10 minutes before being added to the polymer containing flask. Finally 
17.5 ml 35% ammonia solution was added to the flask and allowed to stir for 1 hour, forming a 
black precipitate. The contents were then centrifuged and redispersed deionised water three 








Dissolution of CaCO3 from polymer@CaCO3, CaF2@CaCO3, and SiO2@CaCO3 
 
In a typical reaction 1 g of material is dispersed and stirred in 10 ml of deionized water. 40 ml 
of 0.5 M acetic acid is added over 2 hours with a syringe pump, and then allowed to stir for 
another hour. The contents are then centrifuged and redispersed in deionized water three times 
before being dried in a vacuum oven. 
 
 
3.3 Results and Discussion 
 
3.3.1 Polymer coating of CaCO3 particles 
 
The synthesis of polymer coated calcium carbonate particles was adapted from a procedure 
previously reported by Bon and Ballard.51 It proceeds via a free radical precipitation 
polymerization mechanism shown in the figure below. 
 
 
Figure 10 - Schematic of polymer coating of CaCO3 particle template 
 
Referring to Figure 10, in stage (1) calcium carbonate particles, monomer, and initiator are 
added to a solvent. This system uses acetonitrile as a solvent and the initiator, 
azobisisobutyronitrile (AIBN), as well as the monomers used, methacryclic acid (MAA), 
acrylic acid (AA), and divinylbenzene (DVB) are fully soluble at the used concentrations. 
Commercially available precipitated calcium carbonate rods of the aragonite polymorph 
‘Whiscal A’ are used as templates in this system. In stage (2) the reaction is agitated (in this 
system by having the vessel rotated in a heated oven) and heated to 70 °C so the AIBN 




been achieved polymers will no longer be soluble and crash out of the solution, either forming 
free latex particles or sticking to the calcium carbonate particle surface, shown in stage (3). As 
the reaction proceeds monomer will eventually be used up, resulting in a mixture of hybrid 
polymer coated calcium carbonate particles and free polymer latex, shown in stage (4). If 
desired the calcium carbonate core can be removed by dissolution with an acidic solution 
(etched), resulting in a hollow polymer shell, shown in stage (5). 
Various compositions of monomer were used to coat the calcium carbonate particles, shown in 
Figure X. 
 
Figure 11 - Micrographs of polymer coated and etched hollow polymer shells of different monomer 
compositions. (A,E) 100% DVB. (B,F) 50% DVB 50% AA. (C,G) 10% DVB 90% AA. (D,H,I) 100% 




When only the crosslinking monomer DVB was used particles were not fully covered and high 
amounts of free latex was present in the supernatant of the centrifuged product. With this 
composition the instability of larger latex particles, as well as the collision between latex and 
calcium carbonate particles are the driving factors resulting in polymer adherence to calcium 
carbonate template. Additionally, when the template does have polymer on it, the coating is 




100% of the monomer (by weight) is acrylic acid, the template appears to be fully covered with 
a much smoother finish. This is likely due to the interaction the carboxylate group of the acidic 
monomer has with surface calcium atoms of the calcium carbonate crystal. What can also be 
observed in the TEM micrographs (G,H,I) is that when 90% and 100% acrylic acid is used the 
hollow etched polymer shell deforms from the original straight shape of the template, which 
could be due to the lower crosslinking density in these compositions giving them higher 
flexure. In image I the shell itself seems to be falling apart due to the lack of crosslinking. When 
90% MAA was used (Image J), shells were often cracked after etching, possibly due to the 
materials lower flexibility causing ruptures as carbon dioxide bubbles formed within the shell 
during calcium carbonate dissolution. 
 
Figure 12 - SEM micrographs of hollow polymer shells. (A) broken rod shell. (B) unbroken rod 
shell. (C) unbroken spherical shell. 
 
Figure 12 shows the effect the vacuum conditions of the electron microscope has on the 
morphology of the hollow polymer shells. In image A the broken shell retains the hexagonal 
structure of the template particle, whilst in images B and C the structures seem to have 
collapsed on themselves, which could be due to the air (or liquid) trapped inside the shell 
causing negative pressure as it is pulled out during vacuum. It is not known whether these shells 
would regain their original shape over time or with the introduction of a solvent, or if they have 





Figure 13 - TEM micrographs of etched polymer shells of varying thickness. (A) 1 wt% monomer 





Figure 13 shows hollow polymer shells of 1:1 AA:DVB which were synthesised at different 
wt% of monomer with respect to mass of the calcium carbonate template. From these images 
wall thicknesses were measured to be 8, 25, and 50 nm for the 5, 10, and 20 wt% systems, 
whilst for the 1 wt% shell there was not enough contrast to deduce a thickness. These 
measurements are however prone to error as they are simply based on image contrast on the 
edge of the particles, and without knowing if/how the shells are deformed (as seen in Figure 
12) it is not known if this image contrast relates a folded shell or not (which would imply the 
measured thickness is roughly double of the actual thickness). 
Overall, the aim of coating calcium carbonate templates with a polymer shell, as well as 
producing hollow polymer shells, was successful. 
 
 
3.3.2 Silica coating of CaCO3 particles 
 
The synthesis of silica coated calcium carbonate particles was adapted from previous work 
within the research group, which is based on a templated version of the Stober synthesis of 
silica spheres.48 Briefly, calcium carbonate is dispersed in a solution of water, ethanol, and 
ammonium hydroxide, to which tetraethyl orthosilicate (TEOS) is fed into over the course of 
hours. TEOS undergoes hydrolysis to form a silica network, SiO2, which encapsulates the 















Figure 15 – Micrographs of silica covered CaCO3 with different feed rates of TEOS. (A) Whiscal A 
CaCO3 template. (B,D,F) TEOS feed 0.13 g hr




Figure 15 shows the effect that feed rate of TEOS had on particle morphology. When a feed 
rate of 0.26 g hr-1 was used (image E, showing the silica shell after the calcium carbonate had 
been removed via acid etching) there were spheres on the outside of the hollow shell, whereas 
when a rate of 0.13 g hr-1 was used (image D) the shells were smooth. This is most likely due 
to the higher rate resulting in higher secondary particle nucleation which formed silica spheres 
(as with the traditional Stober synthesis), instead of the added TEOS adding onto the silica 
network already formed on the template surface. 
It was found that when this same experimental procedure was used for calcium carbonate 
particles of the vaterite polymorph (as opposed to the previously shown aragonite Whiscal A 




vaterite particles recrystalising into calcite during the reaction whilst they were being coated in 





Figure 16 – XRD Spectra of vaterite particles ages in ethanol and water. 
 
XRD spectra of vaterite particles which were submerged in ethanol and water for 16 hours, and 
for 7 days, were taken to see how stable this polymorph was in each solvent, which can be seen 
in Figure 16. After 7 days in ethanol there appears to be no transformation of the vaterite phase, 
whilst after 16 hours in water calcite formation is shown, and after 7 days the only polymorph 
present is calcite. One critical mistake with this data is that the solutions were left unstirred and 
so the change in polymorph is most likely under-represented. Taking this into account, along 
with the total reaction time of the silica coating synthesis being around 12 hours, it is possible 
that the transformation of vaterite into calcite is responsible for the coagulum in the reaction. 
The synthesis was changed so that the only water present was in the ammonium hydroxide 
solution used (the removed water was replaced with more ethanol). This resulted in coated 







Figure 17 – Micrographs of silica coated vaterite particles. (A) Vaterite used as template. (B) Silica 
coated vaterite. (C,D) Hollow etched silica particle. (E) Hollow etched silica sphere. 
 
Uniaxial compression tests of Whiscal A and silica coated counterparts were performed to 
examine the effect which the coating had on the particles strength, results of which can be seen 










The higher resistance to compression of the coated particles can be clearly seen as at any given 
force there is a lower compression of the coated particles. This is believed to be due to both the 
higher hardness of silica which makes the material more resistive to deformation, as well 







makes the needle like particles less likely to snap (which would cause fragmentation and allow 
further packing of the material). 
 
 
3.3.3 Conversion of CaCO3 particles to CaF2 
 
Synthesis of calcium fluoride particles was achieved by directly reacting dispersed calcium 
carbonate particles with aqueous sodium fluoride, driven by the lower solubility of calcium 
fluoride, as shown below. 
CaCO3 (s) + 2 NaF (aq) →CaF2 (s) + Na2CO3 (aq) 
 
As opposed to the previous polymer and silica coatings using calcium carbonate particles as 
templates, in this reaction the calcium carbonate is being used as a sacrificial template to create 
a new material with the aim of creating a particle of the same morphology. 





Figure 19 shows Whiscal A particles which have been reacted with a stoichiometric amount of 
sodium fluoride, yielding a theoretical 100% conversion. When a fluoride ion selective 
electrode (FISE) probe was used to measure the fluoride consumption as a function of time of 
a repeated experiment, it was found that even after 3 days of reacting nearly 25% of fluoride 







was 10.5, which can be attributed to the release of carbonate ions. At this point dilute acetic 
acid was added dropwise, which resulted in an almost instant reduction in the amount of 
measured free fluoride ions. This is shown in Figure 20. 




The increase in pH over the course of the reaction is assumed to lower the solubility of calcium 
carbonate, and therefore retard the surface precipitation reaction with free fluoride ions. Further 
experiments using an excess of sodium fluoride (500% of what is needed for the theoretical 
complete conversion) were performed to see if the complete conversion of calcium carbonate 
to calcium fluoride could be achieved without the need for acid addition. XRD spectra of these 













It can be seen that with the 100% conversion reactions that there was still calcium carbonate 
remaining in the sample, whereas the 500% reaction shows only calcium fluoride peaks. These 
particles, along with ones that were made with a 20% (deficient) stoichiometric amount of 
sodium fluoride, were etched with acetic acid, revealing differences in their internal structures, 
shown in Figure 22. 
Figure 22 – TEM micrographs of etched CaF2 particles. (A) 20% conversion. (B) 100% conversion. 
(C) 500% conversion 
 
The 20% converted particle have a large hollow core when the calcium carbonate has been 
removed by acid etching, showing how the reaction proceeds from the surface towards the 
inside of the particle. Both the 100% and 500% converted particles have voids running 







Overall, the general morphology of the Whiscal A particles seem to translate to the final 
calcium fluoride particles, although there is a large amount of broken particle fragments. This 
lower structural integrity is expected due to the voids formed as a result of material volume 
shrinkage. 
Figure 23 – SEM micrographs of CaF2 particles from vaterite templates. (A) Spheres as templates. 
(B) dagger-rods as templates. 
 
Figure 23 shows other calcium carbonate morphologies being used as templates for the 
reaction. Like with the previously shown particles from Whiscal A templates, the general 
morphology seems to remain intact, but they have much coarser surfaces. The spheres show 
numerous pits on the surface, and the dagger-rods have had their particular surface morphology 




3.3.4 Magnetite formation on acid-functionalised hollow polymer shells 
 
The synthesis of magnetite nanoparticles (Fe3O4) particles attached to a template of acid- 
functionalised hollow polymer shells was achieved by adopting a procedure developed by 
Higashitani et al. where they fabricated p(styrene/NIPAM/MAA) latex particles containing 
magnetite.49 Briefly, hollow polymer shells with acid functionalisation (shown previously in 







groups, and then the iron is oxidised to magnetite with hollow shell as the locus of the reaction. 
A schematic of this procedure is shown in Figure 24. 
 
Figure 24 – Schematic of magnetite formation with acid-functionalised hollow polymer shells as a 
template. 
 




Whilst the magnetite seemed to show good coverage of the entire hollow polymer shells, there 





Calcium carbonate particles were used as templates for further modification. Surface addition 
of polymeric and silica material allowed for the creation of hybrid core-shell particles, which 
when the calcium carbonate core was removed with acid etching formed hollow shell particles 
of solely the added material. A c i d -functionalised hollow polymer shells were further used 







although the structure of these particles was damaged significantly by the reaction. The use of 
calcium carbonate particles as sacrificial templates for the synthesis of calcium fluoride 
particles with the same morphology was also achieved. 
 
Although the particles made showed that the syntheses worked, the produced particles had poor 
material properties.  The polymer shells produced  were often damage, limiting their suitability 
for their desired role as  particles to carry  oil-based payloads. 
Further work could be done to enhance the physical properties of the polymer shell whilst still 
producing particles with a high fidelity of copying the morphology of the template calcium 
carbonate particles. 
 

















In this chapter the dental cleaning ability of synthesised and commercially acquired calcium 










With the desire of finding microparticles which had high tooth cleaning ability, various particles produced, 
which were shown in chapters 2 and 3, were tested for this using an industry standard method. 
 
4.1.1 Background to oral care 
 
Due to their constant exposure to the external world teeth are a location for the unwanted growth 
of microorganisms and precipitation of materials from saliva, food, and drink.54 This can 
produce issues such as halitosis and unsightly teeth, or more seriously; periodontitis, caries, 
and infections, which can lead to tooth loss, atherosclerosis, and other cardiovascular 
diseases.55,56 
Teeth are composed of several layers of different organic and inorganic materials. The harder 
two outer layers which provide their mechanical strength are the enamel and dentin. 
Hydroxyapatite, Ca5(PO4)3(OH), is the mineral which makes up the majority of these materials 
by weight.57,58 Enamel makes up the outer layer of teeth and is the harder of the two materials 
(5 on the Mohs hardness scale).59 Dentin makes up the second layer of the tooth and is softer 
(3-4 Mohs hardness) due to its lower hydroxyapatite content and larger protein-containing 
amorphous regions.60 Enamel contains no living cells and it is not repaired or replenished by 
the body when it is damaged. If enough enamel is removed from the surface of a tooth the 
underlying dentin is exposed. Although dentin can regrow, the process is slow and exposure 
to temperature gradients, mechanical force, and microbial can cause tremendous pain to its 
owner.61 As the gumline in the mouth recedes over time to expose parts of teeth with a thinner 
layer of enamel, the cumulative issues and costs caused by tooth damage are proportionally 
higher in parts of the world which are faced with an aging demographic.62 




and brushing, as well as the dissolution of hydroxyapatite from acids contained in food, drink, 
and the products from the breakdown of carbohydrates by oral microorganisms which grow of 
the tooth surface.63 To protect the teeth glycoproteins contained in saliva bind to the tooth 
surface creating a protein film called dental pellicle.64 This barrier acts to decrease degradation 
of the tooth surface by acid produced by microorganisms, as well as preventing mineral 
deposits forming on the tooth surface from compounds dissolved in saliva. 
Certain microorganisms are attracted to these glycoproteins, attaching themselves to the 
pellicle layer, and forming a biofilm called plaque.65 If this bacterial biofilm is not removed the 
protective effectiveness of the glycoproteins in the dental pellicle is reduced and minerals in 
saliva can precipitate onto the tooth surface. The precipitated minerals, as well as the organic 
material from dead microorganisms form a solid layer around the teeth called tartar. Initially 
only a limited number of microbes can thrive on the dental pellicle surface. Plaque and tartar 
provide a locus for the growth of additional types of microorganisms which previously could 
not survive in the tooth surface environment, accelerating the processes of bacterial growth and 
mineral precipitation, and the damage caused by these events. Constant cleaning of the teeth to 
remove plaque is required to prevent the formation of tartar and decrease the need for more 
intensive oral care. 
 
 
4.1.2 Toothpaste design 
 
Dentifrices are powders, pastes, or liquids with the primary function of reducing these 
damaging events by removing plaque, tartar, mineral deposits, and food remains from the tooth 
surface.66 A secondary function which is highly valued commercially is the removal of stains 
from the tooth surface which are caused by bound chromophores originating from ingested 
food and drink. The most widely used non-professional dentifrice products are toothpastes. In 
its simplest form toothpaste requires three components: an abrasive agent which mechanically 




surfactant which aids in the removal of the debris.67 In modern formulations abrasives make 
up a major portion of toothpastes (commonly 15-50 wt%).68 Historically a wide range of 
materials have been as abrasive agents for cleaning teeth, such as pumice, powdered marble, 
bone and shell.69 Today a wide range of insoluble inorganic materials such as silica, metal 
oxides, carbonates, clays, and phosphates are used, with silica and calcium carbonate being the 
preferred material in most commercial products.70 
The main factor that limits the choice of materials (after its toxicity and biocompatability to 
humans) is its hardness, a measure of how a material will resist a deformation (such as a scratch 
or indent) when a force is applied. When two objects come into contact, the difference in 
hardness of the materials of the objects will affect what happens, such as one object scratching 
(removing material from- or deforming) the other, or both scratching each other, and to what 
degree.71 For dental applications one therefore wants an abrasive which is hard enough to be 
able to remove tartar and precipitated minerals, whilst minimising the damage it causes to the 
tooth surface which it is cleaning. As the hardness of enamel and dentin differ, there is a trade- 
off when designing a toothpaste between the relative damage caused to the enamel and dentin, 
and the product’s cleaning ability. 
As there is a limit in the choice of materials which can feasibly be used in commercial 
applications, it is desirable to look at other factors which affect abrasive properties. In a slurry 
system, such as the one created by toothpaste being used in the mouth, abrasives move through 
a viscous liquid before making contact with the tooth surface. Larger particles having higher 
velocities and therefore generally remove (abrase) more material, making them more effective 
for the purpose.72 This is of course subject to an upper boundary as larger particles will connect 
with a proportionally smaller surface area, and eventually this factor will outweigh the 
usefulness an increase in velocity provides at a given concentration of abrasive material in a 
product. Additionally, the method of how abrasives are applied to the surface also poses a limit 







over the tooth surface, particles in these formulations must be able to be trapped between the 
bristles of the toothbrush, making particles with all dimensions larger than 10 µm undesirable 
for this purpose. 
Particle morphology is another factor which determines how abrasive a material is. It is 
generally believed that particles with irregular forms are more abrasive than those with 
homogenous arrangements of their individual agglomerated parts or grains.73 Particles with 
rough surfaces will have a relatively small area of contact with the surface, resulting in a higher 
pressure at the area of contact and therefore cause a higher level of abrasion. It is difficult to 
directly compare to what extent the differences in morphology are affecting the abrasive 
properties of particles as opposed to the material of the particle, as certain particle morphologies 
can only (with currently available fabrication methods) be obtained with certain materials. 
If you move a particle over a surface by exerting horizontal force you can imagine its movement 
proceeding by one of two main mechanisms. The particle could slide on the surface, where 
contact is maintained between the surface and the points balancing the particle. The particle 
could also roll, where new parts of the particle are brought into contact with the surface. In both 
of these cases rough particles will cause micro-regions of high pressure. If particles with flat or 
rounded surfaces are used the contact area is increased and the pressure exerted on the surface 
decreased. Although this roughness will play a part in the effectiveness of the abrasive, for dental 
cleaning a flatter particle might still be effective. The accumulated debris on the tooth will be 
relatively non-flat compared to the tooth surface, so a flat particle which is sliding on a flat 
surface would still be able to exert a large force when colliding with the debris. 
The original inspiration for this project was to look at the cleaning ability of rod-like particles, 
as it was believed that the might exhibit less damage to the tooth surface by rolling smoothly 







4.1.3 Evaluation of dentifrice performance 
 
The performance of dentifrices are evaluated in industry by three values; the Pellicle cleaning 
ratio (PCR), relative dentin abrasion (RDA), and the cleaning efficiency index (CEI).74 The 
Pellicle Cleaning Ratio (PCR) is a value of how much a product cleans teeth, using the Stookey 
method.75 The Stookey method measures the brightness of a stained surface before and after it 
has been cleaned by the product being evaluated, as well as after the surface has had all stain 
mechanically removed. Typically, human or bovine teeth which have been stained by tea and 
coffee are used as the surface to be cleaned. 
Relative Dentin Abrasion (RDA) is a value of how abrasive a product is to teeth, measured by 
the amount of radioactive wash-off produced from irradiated root dentin which is brushed with 
the tested product.76 The Cleaning Efficiency Index (CEI) combines PCR and RDA to 
emphasize the importance of stain removal as well as low tooth abrasion, and is calculated 
according to the equation77: 
 
𝐶𝐸𝐼 = 





Ideally a product will have a high PCR, a low RDA, and therefore a high CEI value, which 




4.2 Experimental Section 
 
Cows teeth mounted to epoxy blocks were used to test cleaning of several synthesised particles. 
These blocks were stained in a mixture containing instant coffee, instant tea, mucin, soy broth, 







Particles were prepared for testing by mixing them into a slurry containing water, particles, and 
abrasive-free toothpaste base. A control was prepared by making a slurry of commercially 
available toothpaste (SIGNAL White System, containing silica abrasive particles) with water. 
The slurry of tested particles contained 5 wt% abrasive material, whilst the control slurry 
contained 20 wt% abrasive material. 
Cleaning tests were performed using toothbrush heads mounted onto a SDLAtlas Martindale 
M235 textile abrasion tester. Color measurements were done with Minolta colorimeter 
(recording the ‘L*a*b’ color space). 
 
 
Figure 26 – (Left) Abrasion tester apparatus. (Right)Tooth block covered in slurry and mounted 




First color measurements were done on the teeth after they had been stained and gently washed 
with water. The teeth were then mounted into containers and had 20 ml particle/toothpaste 
slurry poured over them before being brushed with 800 strokes over 5 minutes. The teeth were 
then rinsed with water and dried before having their color measured again. Finally, the teeth 
were polished with flour of pumice on a Buehler Metaserv 2000 to remove any remaining stain 







The Lab color space represents in a color with three values: L*, a*, and b*. The L* component 
is a measure of lightness, which in this experiment is used as a value for the ‘whiteness’ of the 
tooth. This test provide three lightness values; when the tooth is dirty before it has been cleaned 
(L*(1)), after the tooth has been brushed (L*(2)), and when all the stain has been removed by 
polishing (L*(3)). The amount of dirt removed (measured by the increase in brightness of the 











Where a value of 0 indicates that brushing did not increase the brightness of the tooth at all, 
and a 1 indicates that polishing the tooth did not make it any brighter than brushing alone. 
 
 
4.3 Results and Discussion 
 
Synthesised and commercially acquired calcium carbonate and silica particles had their 
cleaning ability measure using the Stookey method and were compared to a commercially 
available toothpaste standard. Figures 27-30 show the compiled results obtained from 8 
cleaning tests of each sample. Table 1 shows the identity of each sample being tested. Figure 
31 shows micrographs of some of the samples being tested. It is to be noted that some samples 
tested were different batches of material synthesised in the same manner (which is explicitly 











Figure 27 – Cleaning results ‘A’ of abrasives 
 
 
























Abrasive Identity Description Image in figure X 
Commercial Commercial silica toothpaste Not shown 
Cubes CaCO3 cubes A 
R&C 1,2 CaCO3 rods and cubes C 
R&F 1,2,3,4 CaCO3 rods and flowers B 
C.Rods SiO2 coated CaCO3 rods D 
E.Rods Hollow SiO2 rods Not shown, similar to D 
SocalP3 Commercial PCC J 
C.SocaP3 SiO2 coated SocalP3 Not shown, similar to J 
E.SocalP3 Hollow SiO2 shell from SocalP3 K 
S.Sphere Silica spheres I 
Silica2 Rounded silica particles G 
SilicaRods Silica rods H 
Ludox Commercial 12nm silica spheres Not shown 
SturcalM Commercial PCC F 
Calopake Commercial PCC E 
WhiscalA Commercial PCC rods L 
WhiscalA@SiO2 
A,B,C,D,E 
SiO2 coated Whiscal A Not shown, similar to L 








Figure 31 – Micrographs of materials in cleaning tests. (A) Cubes. (B) Rods and flowers. (C) Rods 
and cubes. (D) Coated rods. (E) Calopake. (F) Sturcal M. (G) Silica 2. (H) Silica rods. (I) Silica 
spheres. (J) Socal P3. (K) Etched Socal P3. (L) Whiscal A. 
 
Declaration: Synthesis and imaging of Socal P3 particles (SocalP3, C.SocalP3, E.SocalP3) 
was done by Robert Young. Synthesis and imaging of pure silica particles (S.Sphere, Silica2, 
Silica Rods) was done by Christopher Parkins 
 
 
A notable feature of the obtained graphs is the large error bars (showing the range of obtained 
PCR values for each abrasive), as well as some experiments giving negative PCR values 
(indicating tooth surfaces were less bright as a result of the cleaning experiment). The bovine 
teeth being used as the cleaning surface had been used several times before for the same 
purpose, and as such have been stained and cleaned several times. This resulted in the 
deterioration of the surface as well as permanent staining, both of which will increase the error 
of obtained results. As a result of this error only qualitative conclusions can be drawn from the 
results. 
In each of the four trials the commercial toothpaste always cleaned best. One major reason for 
this occurring is that the total amount of abrasive material was roughly four times as high in 
the commercial sample compared to slurries made from added abrasives (20 wt% vs. 5 wt% in 







Socal P3, Ludox, silica spheres, calopake, and etched Socal P3 all received PCR scores of under 
10%. Both the ludox and silica spheres were expected to receive low scores due to their 
spherical morphology exhibiting very low roughness. Coated Socal P3 cleaned moderately well 
(25% PCR) whilst uncoated or etched it received a much lower score. The increase in PCR 
between the uncoated and coated sample can be rationalised as being due to the change in 
particle surface chemistry from CC to silica. As this remains true for the etched particle there 
must be another factor resulting in the decrease in PCR. It is possible that the mechanical force 
exerted on the hollow particle during brushing breaks them, forming smaller shards of silica 
which clean the surface less well than when the larger particles are intact. This trend was not 
seen for the coated and etched CaCO3 rods, where the etched particle cleaned roughly the same 
(40% PCR) amount as the coated one (30% PCR). This could be due to the hollow particles 
not breaking, or the fragments formed remaining quite large and still suitable for cleaning. 
Sturcal M, which received a modest PCR of 20%, and Calopake (4% PCR), are both formed of 
agglomerations of smaller CC particles, which are comparable in size between the samples. The 
morphology of Sturcal M however appears rougher, with sharper angles, whilst Calopake shows 
more smooth features, which could account for the large difference in PCR scores. The various 
synthesised CaCO3 particles received scores of between 10-40% PCR, with no consistent trends 
being shown between the various morphologies. It seems that the larger CaCO3 particles which 
were synthesised, as opposed to the smaller Sturcal M and Calopake agglomerates, cleaned 
better, which is most likely due to the larger size. No conclusions can be drawn however of the 
impact morphology had in the differences of cleaning ability. 
The results shown in Figure X, where only one morphology (rods) was used, further skews 
what conclusions can be drawn. Whiscal A is a rod-like CaCO3 particle, whilst all other samples 







well as some containing pendant alkyl chains on the silica shell. Whiscal A received the highest 
PCR (35%) whilst all the coated samples were lower. This is in contrast with what would be 
expected due to the difference in material hardness. However, as all the error bars from the 






Although no strong conclusions could be drawn from the obtained results about the effect of 
particle morphology on cleaning ability, the ability of larger particles to clean better than 
smaller ones is apparent. Spherical particles are also shown to clean worse than other particle 
morphologies. Without having performed RDA measurements it is difficult to conclude 
whether the differences in cleaning are due to the particles removing the plaque layer from the 
tooth surface, or due to generally damaging the tooth surface itself and exposing underlying 
material. The design of the Stookey test itself seems flawed as the nature of using irregular 
surfaces which differ from sample to sample does not allow for consistent measures with 

















In this chapter conclusions of all presented work are summarised, and recommendations 









A novel system for the synthesis of dagger-like vaterite calcium carbonate particles was shown. 
Linear polyols exerted a strong effect on the obtained morphologies as well as polymorphic 
selection. 
Calcium carbonate particles were successfully modified via surface addition of silica and 
polymers, as well as being used as sacrificial templates to make sodium fluoride particles. 
Various calcium carbonate and silica particles were tested for their ability to clean teeth using 
the Stookey method. Whilst some conclusions about the effect that particle properties such as 
morphology, size, and material had on cleaning ability, large errors in the obtained data 





Whilst it is unknown exactly why the use of polyols (and the trends between the different 
polyols) showed the observed effects, it is believed that this could be due to a change in 
saturation of the various reaction components, and as a result the changing supersaturation 
affects the nucleation and growth of the calcium carbonate particles.  This could be reliant on 
both the visoscity of the different polyol solutions, as well as the chemical nature of the polyols 
themselves.  To examine this online viscosity measurements of the reactions would help to see 
if viscosity plays an important role in the reactions.  It would also be interesting for this data to 
be used to look at the induction time of the crystallization (from when ACC is formed and 







Further data on the effect polyols have on growing calcium carbonate crystals is needed. Online 
XRD and Raman measurements of the reactions would allow crystallite size and polymorph to 
be followed.  Due to the timescales involved, with the appearance and disappearance of ACC 
occurring over the scale of minutes and seconds, this would require the use of a neutron source 
for XRD measurements. 
XPS and molecular dynamic simulations of the various polyols on ACC, vaterite, aragonite, and 
calcite surfaces would help to see how alcohol binding to the growing crystals affects their 
growth.  This could help elucidate whether there is any significant binding between the alcohol 
groups and the growing crystal face, and how this is affecting crystal growth. 
Combinations of various polyols (for example ethylene glycol + sorbitol, glycerol + xylitol 
etc.) could be used to see if it is the chemical structure of the polyols themselves which drive 
the shown changes, or whether other factors (such as viscosity, by matching viscosities of 
reactions using various combinations of polyols) are dominant. 
The use of liquid TEM could be used to visually examine the nucleation and growth of calcium 
carbonate crystals, which would be particularly powerful in examining how the polyols affect 
the morphology of the crystals. 
One line of inquiry which was not looked at in this work is the chiral nature of the polyols used.  
If there is significant bonding between the alcohol groups of the polyols and the surface of the 
calcium carbonate particles, it would be possible for different stereoisomers of polymers to 



























All chemicals were used as received unless otherwise specified. 
All monomers (AA, MAA, DVB) were passed through a column of basic alumina immediately 
before use to remove inhibitors. 
AIBN was recrystallized in methanol before use. 
Erythritol, xylitol, and sorbitol were dried under vacuum before use. 
Calcium chloride (fused, granular), sodium carbonate (anhydrous), 35% ammonia solution, 
37% hydrochloric acid, and glycerol (99.5%) were received from Fischer Scientific. 
Methacrylic acid (99%), tetraethyl orthosilicate (98%), divinylbenzene (80%), sodium fluoride 
(≥99%), acetone (≥99%), methanol (≥99.6%), D-sorbitol (≥98%), ethylene glycol (>99%), and 
acetic acid (glacial, ≥99.85%) were received from Sigma-Aldrich. 
Azobisisobutyronitrile, ethanol (absolute, 99.85%), and acetonitrile (99.9%) were received 
from VWR International. 
‘Whiscal A’ precipitated calcium carbonate was donated by Maruo Calcium Co. 
‘Socal P3’ precipitated calcium carbonate was received from Solvay. 
‘Calopake’ and ‘Sturcal M’ precipitated calcium carbonate was received from Specialty 
Minerals. 
Xylitol was received from Total Sweet. 
Erythritol was received from Pure Sweet. 





Scanning electron microscopy (SEM) 
The sample to be imaged is added onto a silica wafer which is adhered to an aluminium stub. 
The sample is coated in a carbon film before being imaged with a Zeiss SUPRA 55-VP or Zeiss 
Gemini scanning electron microscope. 
 
Transmission electron microscopy (TEM) 
The sample is added to a copper grid before being imaged with a JEOL 2000fx or JEOL 2100 







Uniaxial compression testing 
2.5 cm3 of dry powder is added to a KBr press sample holder with a 35 g aluminium rod placed 
on top of the sample. A Shimadzu AGS-X tensile tester is then used to press the aluminium rod 
down onto the powder at a fixed compression rate of 10 mm min-1 until the compressive force 
reaches 500 N or 1000 N. 
 
Fluoride ion selective electrode (FISE) measurements 
A Nico2000 ELIT 8821 Fluoride Ion-Selective Electrode probe, connected to an Orion Star 
a215 pH/conductivity Benchtop Meter, is inserted into the fluoride ion containing reaction 
mixture. Measurements are taken every 5s. 
 
X-ray crystal diffraction measurements (XRD) 
Powder XRD measurements were performed with a Panalytical X-Pert Pro MPD using a copper 
diffraction source and spinning stage. 
Literature references of pure crystal samples from the International Centre for Diffraction Data 
(ICDD) were used to identify peaks in spectra of examined materials. 162480-ICSD-PXRD 
was used for vaterite. 166364-ICSD-PXRD was used for calcite. 170225-ICSD-PXRD was 
used for aragonite. 52754-ICSD was used for sodium fluoride. 
 
 
Energy-dispersive X-ray spectroscopy (EDX) 
EDX measurements were performed using an Oxford Instruments energy-dispersive X-ray 
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